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Introduction
Layered double hydroxides (LDHs) are a versatile class of inorganic materials which find wide-spread application in many areas ranging from catalysis, energy storage and conversion to environmental remediation and drug delivery [1] [2] [3] [4] [5] . They have a general composition of [M(II) 1-x M(III) x (OH) 2 A y nH 2 O] where M(II) and M(III) are a wide range of cation such as Mg(II), Ca(II), Zn(II), Al(III), and Fe(III), and A is an anion needed for charge balance, c.f. Fig. 1 4, 6 . The LDH structure consists of positively charged cation layers obtained by substitution of trivalent cations (1/6 < x < 1/3) for divalent, with a variable number of water molecules and an appropriate number of anions intercalated in the interlayer.
The anions can be replaced by simple anion-exchange, which has great potential for use in drug delivery, where drugs intercalated in LDHs may be released in a controlled fashion. A large number of active drug molecules exist as anions including many non-steroidal anti-inflammatory drugs (NSAIDS) such as ibuprofen, naproxene, and salicylic acid 7, 8 . Thus, intercalation of these in an LDH may potentially help overcome bioavailability and biosolubility issues of such drugs as well as extend the pharmaceutic effect of the drug by the LDH acting as a retard formulation 9 . A slow release of the drug is obtained by intercalation of these in an LDH matrix, which is slowly dissolved in the body 1, 9 . It is essential to fully understand the intercalation of drug molecule in LDHs and characterize the LDH-drug prior to use. For example, the presence of impurities can lead to unwanted side effects and to degradation of the drug during storage will render it less efficient. However, characterization of LDHs especially with large anions such as organic drug molecules is challenging due to the presence of stacking faults, which makes a precise determination of the structure by diffraction techniques extremely difficult 6 . Moreover, the presence of amorphous impurities in combination with the strict regulations on the purity of pharmaceutical products represent a problem for the use of LDHs in drug delivery, as these impurities are difficult to identify and quantify. To fully understand the composition 4 of LDH, bulk characterization techniques such as powered X-ray diffraction (PXRD), elemental analysis and microscopy must be combined with probes of the local environment such as vibrational spectroscopy, e.g., Raman and Infra-Red (IR) spectroscopy, as well as solid state NMR spectroscopy (SSNMR) 10 . SSNMR especially has provided detailed insight into both the local structure of LDHs revealing cation ordering in the cation layer [10] [11] [12] [13] [14] , the dynamics of organic and inorganic anions in the interlayer [15] [16] [17] . Moreover, SSNMR has only been used in a few studies of drug molecules such as benzoxaboraolates, salicylic acid, ibuprofen, and L-dopa intercalated in LDHs 8, [18] [19] [20] [21] . However, these have been mainly focused on characterization of the drug molecule in the LDH matrix. Generally, only simple 1D spectra have been reported, except for a recent multi-nuclear study of benzoxaboraolates in LDHs 18 .
Here we present the results of a detailed SSNMR study of three LDHs (MgAl, ZnAl, and CaAl) intercalated with para-amino salicylate, a tuberculosis drug, in combination with elemental analysis, PXRD and infra-red (IR) spectroscopy, which provides information on both the local and bulk properties of the LDH-drug. The objective is to demonstrate the use of advanced SSNMR techniques to obtain structural information and assess the quality of the LDH-drug product with special focus on the identification and quantification of impurities as well as the structural information about the LDH-PAS on the atomic level. 1 H single and double quantum (DQ) SSNMR experiments as well as 27 Al 3QMAS and 27 Al{ 1 H} HETCOR SSNMR experiments were carried out at 950 MHz resulting in a SSNMR spectra of high resolution, which allowed for quantification of the impurities, the intercalation of the drug and the chemical composition of the LDH layer. Moreover, SSNMR data were obtained at moderate magnetic fields (11.7 and 14.1T) and the results were combined with the ultrahigh field data.
Experimental
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Synthesis
All chemicals used were purchased from Sigma-Aldrich, had a purity of ≥ 98 % and were used without further purification. All syntheses were done using decarbonated water and in a nitrogen atmosphere to minimize carbonate impurities. Decarbonated water was obtained by bubbling nitrogen through boiling
Milli-Q water for 30 min. A Metrohm Titrando 905 was used for addition of the metal salt solutions and to control the pH by addition of 1 M sodium hydroxide (NaOH). Detailed information about the synthesis is given in the supporting information ( Fig. 2 . The broad reflections are associated with the low crystallinity of the samples due to a large number of stacking faults [31] [32] [33] . Thus, PXRD becomes less useful for such LDHs due to the larger uncertainty of the determined crystallographic parameters. The estimated unit cell parameter are reported in Table 1 and were determined using the (003), (006), and °C for the pure compound and that this should be taken into account during synthesis 35, 36 . Thus, hydrothermal treatment cannot be used to improve the crystallinity of the samples 10 . However, both which most likely reflects that the spectrum of pure PAS is the acidic form whereas the LDHs contain the anion. The low signal to noise and broad lines reflect variations in the local 13 C environments in the interlayer due to e.g. stacking faults and different orientation within the interlayer. Table 2 summarizes the chemical shifts determined and their assignment, which is based on the liquid state 13 C NMR spectra of PAS-H. No impurities such as the thermal decomposition product m-aminophenol were observed in the 13 C CP-MAS NMR spectra (Fig. 3 ) except a broad background in the region δ( 13 C) ≈ 116-127 ppm from the endcap and spacers.
3.2.2
The purity of the LDHs from 27 Al SSNMR 27 Al single pulse and 3QMAS NMR spectra were recorded both to check the purity of the products in light of a recent study, which revealed larges amount of amorphous Al impurities despite Al contents close to the ideal 33 %, and also to probe the origin of the excess Al in the CaAl LDH sample 10 . Such impurities may cause serious problems especially in relation to the use of LDHs in drug formulation.
The 27 Al NMR single pulse spectra are seen in Fig. 4 whereas a representative 27 Al 3QMAS NMR spectrum is illustrated for MgAl-PAS in Fig. 5 . These 3Q MAS spectra were recorded at an ultra-high field (22.3 T) and high field (14.1 T) with the best resolution at 14.1 T due to similar values of isotropic chemical shifts for the different Al sites. Table 3 summarizes the parameters obtained from analysis of both single pulse and 3QMAS NMR spectra at the three magnetic field strengths (11.7, 14.1 and 21.3 T) spectra for each LDH sample. The 27 Al 3QMAS NMR spectra at 14.1 and 22.3 T were used to estimate δ iso ( 27 Al) and the quadrupolar product, P Q = C Q (1+η 2 /3) 0.5 for the 27 Al sites. These values were employed as starting parameters in simulations of the 27 Al single pulse NMR spectra at three fields (11.7, 14.1, and 22.3 T). The objective was to obtain a single set of NMR parameters, which in the most optimal way reproduce the spectra at all three fields, and these parameters are presented in Table   10 3. The simulations employed a Gaussian distribution of both the quadrupole coupling and the asymmetry parameters The LDH site is the dominating resonance, but simulations of the single pulse spectra using a single Al site (LDH) shows a significant residual. Moreover, the 27 Al 3QMAS NMR spectra also show the presence of at least one, and possibly two or three other 27 Al resonances for
MgAl-PAS, ZnAl-PAS, and CaAl-PAS c.f., Table 3 . These non-LDH phases, which in total constitute between 20 and 41 % of the total intensities, are considered amorphous for the MgAl-PAS and ZnAl-PAS samples, due to the lack of non-LDH reflections in the PXRD diffractograms (Fig. 2) . The observation of excess Al in both MgAl-PAS and ZnAl-PAS points to a lower Al content in the LDH layer. However, due to the broad line width of the (110) Generally, the M(II):Al ratios can vary between 2:1 and 6:1 for MgAl and ZnAl LDHs whereas for CaAl LDHs this is restricted to 2:1.
The LDH site was for all samples found to have a C Q of 1.6 MHz, which is in excellent agreement with earlier reports values for MgAl-, and ZnAl-LDHs with simple anions intercalated 10, 12 . For CaAl LDHs does the C Q match the low-temperature form of the structurally related CaAl-LDH with chloride intercalated (Friedel's salt) 39 . This reflects that the local environment in the cation layer of LDHs is nearly independent of the anion intercalated and that SSNMR can be used to fingerprint LDHs. A 2 Al-OH group and one from the interlayer water 11, 14 . The most intense resonance in the 1 H spectra is observed at 4.1-4.4 ppm (Fig. 6) and is assigned to interlayer water in agreement with earlier studies 10, 11, 14 (Figs. 7a, 8a , and SI-5a) show that these resonance are in close proximity, and not correlated with 27 Al according to 27 Al{ 1 H} HETCOR NMR spectra (Figs.
6b and SI-5b). Hence we assign these to the three aromatic protons H3, H5 and H6 of which two have similar chemical shifts. This is most likely H3 and H5 based on the 1 H liquid state NMR spectra. The absence of cross-peaks between the aromatic protons in PAS and the LDH cation shows that these are not in close proximity, in agreement with the expected orientation of PAS in the interlayer (Fig. 1) . The 1 H MAS NMR spectrum of CaAl-PAS in Fig. 7c is more complex and contains two intense peaks with δ iso ( 1 H) = 1.3 and 2.9 ppm, respectively in addition to the interlayer water (4.2 (5) ppm) c.f. Table 4 .
These three resonances are in close proximity according to 1 H DQ MAS NMR spectra (Fig. 8a) and are therefore part of the cation layer in the LDH. Moreover, the 27 Al{ 1 H}-HETCOR spectrum in Fig. 8b shows an intense cross-peak for the site with δ iso ( 1 H) = 1.3 ppm to the 27 Al NMR resonance from the LDH. Thus, we assign this to the Ca 2 Al-OH group whereas the site with δ iso ( 1 H) = 2.9 ppm is assigned to the water molecular directly coordinated to Ca (Fig. 1c) . Also for CaAl-PAS, are no correlations between the aromatic protons and the -OH groups seen.
Conclusions
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The intercalation of PAS in MgAl, ZnAl, and CaAl LDHs was investigated in detail using multinuclear SSNMR experiments in combination with PXRD, IR, and elemental analysis and illustrates that SSNMR provides information which is difficult to obtain from other characterization techniques.
C CP-MAS NMR confirmed intercalation of the drug and that no degradation of this had happened during synthesis. 27 Al SSNMR show fairly large amount of amorphous impurities in all samples, which
were not detected by PXRD and not directly evident from elemental analysis (ICP) except for CaAl-PAS, which contained excess Al. In addition, the actual M(II):Al(III) ratio in the LDH-PAS phases was determined by combining 1 H and 27 Al NMR data with elemental analysis. This showed a lower Tables   Table 1: Unit cell parameter determined from the PXRD diffractograms in Fig. 2 Fig. 3 ). (1) 176 (2) 176 (1) C2/4 98 (3) 98 (1) 100 (3) 99 (1) C3 166 (3) 166 (1) 166 (3) 163 (1) C2/4 102 (2) 102 (2) 102 (3) (5) ZnAl-PAS LDH 15.5(5) 1.6(2) 0.0(1) 59 (5) 13.1(4) 2.9(3) 0.5 (2) 10(4) 11.0(6) 4.0(4) 0.5(3) 31 (7) CaAl-PAS 14. # marks unknown impurities and * are reflections from the sample holder. Table 3 . The green spectra show the differences between experimental and simulated spectra. 27 Al { 1 H}-HETCOR spectrum. Figure SI-2) . Moreover, the ν(C-C), δ(O-H), and δ(C-H) vibrations as well as the ν as (COO -) and ν s (COO -) vibrations, which can be assigned to PAS are also observed. The latter two
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show that PAS is deprotonated 1 , which points towards PAS being intercalated in the LDHs structure. It should be noted that the ν s vibrations can be difficult to distinguish from the ν 3 vibrations from CO 3 .
2 Furthermore, a band at 1384 cm -1 is observed in all samples, which fit with the ν 3 (NO 3 ) 2 for nitrate.
This suggests small amounts of nitrate impurities, which is in contrast to the results from PXRD, where no sign of the nitrate ion is seen. 
